Activation-dependent changes of mean extracellular calcium concentrations were monitored spectrophotometrically in arterially perfused right ventricle of rabbit via extracellular application of the calcium-sensitive absorption dyes, antipyrylazo III and tetramethylmurexide. After rest periods of 3 minutes or longer, 10% of total dye-accessible calcium (300-500 JIM) is depleted cumulatively from the extracellular space by four to eight beats at 2 Hz stimulation. During continued stimulation, or during quiescence following a depletion response, mean extracellular calcium concentrations return toward the prestimulatory level in the course of 2-4 minutes. A single stimulation placed 2-30 seconds subsequent to rapid pacing results in a potentiated beat with an accompanying net increment of mean extracellular calcium. Total dyeaccessible calcium can increase by at least 4% at such a beat, and depletion responses can be repeated immediately thereafter. During a sequence of such responses, extracellular calcium lost cumulatively during three to five rapid beats is replenished, for the most part, by a single poststimulatory beat. These results demonstrate that most of the 'activator pool' of cellular calcium can turn over to the extracellular space during a single contraction cycle in rabbit myocardium, and suggest that, in mammalian myocardium, diastolic calcium efflux may be quantitatively negligible in relation to efflux during excitation-contraction coupling. (Circ Res 54: 461-467, 1984) 
RECENT studies by four different techniques would indicate that calcium influx at activation in cardiac muscle can be larger than widely accepted in the past years: first, voltage clamp analysis of calcium currents in myocytes (Isenberg and Kloeckner, 1982) , which presumably reflects a high conductivity of single channels as found in patch clamp analysis (Reuter et al., 1982) ; second, isotope flux measurements of calcium movements at single beats (Lewartowski et al., 1982) ; third, measurement of activation-dependent extracellular calcium depletions with calcium-sensitive microelectrodes (Dresdner et al., 1982; Bers, 1983) ; and fourth, measurement of activation-dependent extracellular calcium depletions with calcium-sensitive absorption dyes (Hilgemann et al., 1983) .
These developments underscore the problem of how relatively large quantities of calcium are removed from the cardiac cell. In earlier proposals, calcium taken up by the sarcoplasmic reticulum (SR) would be extruded during diastole via sodium-calcium exchange (Bassingthwaighte and Reuter, 1972) or would diffuse by a direct route (Langer, 1974) to the extracellular space. Other proposals, however, assume that most calcium efflux, as well as influx, takes place during activation. Sodium-calcium ex-change and/or a sarcolemmal calcium pump would compete with the SR calcium pump for activator calcium (e.g., Morad and Goldman, 1973) , or calcium efflux would take pake directly from an internal store to the extracellular space (Wohlfart, 1979) , possibly via a membrane potential sensitive pore in couplings between junctional SR cistemae and the sarcolemma (Mensing, 1979) .
Certain staircase phenomena in mammalian myocardium, such as "NIEA" (Blinks and Koch-Weser, 1961 ) and post-stimulatory potentiation (Wood et al., 1969) , cumulate and decay, with strong dependence on the number of beats made [see Mensing and Hilgemann (1981) for a brief review]. These responses have been interpreted in terms of a calcium 'recirculation' phenomenon, indicating that a portion of activator calcium released at one beat becomes available for release at the following beat (Morad and Goldman, 1973; Wohlfart, 1979; Hilgemann, 1980) . The portion of activator calcium that does not recirculate would, in the simplest case, be lost to the extracellular space by calcium extrusion mechanisms at activation. According to this interpretation, appropriate non-steady state beats could result in a sizeable net calcium efflux.
The present work was designed to test this possi-bility by measuring activation-dependent extracellular calcium concentration changes with the calcium-sensitive absorption dyes, antiypyrylazo III and tetramethylmurexide. An arterially perfused right ventricle preparation of rabbit was developed for this work. The planar shape of this preparation allows illumination of a relatively large area, and a more straightforward calibration of signals than would be possible with a cylindrical preparation. Of particular interest for this study, is the fact that, in rabbit ventricle, the recirculation of activator calcium from one beat to the next is apparently very low, usually about 10% (Wohlfart, 1979) . This would indicate, hypothetically, that during steady stimulation, the largest portion of activator calcium is lost at each beat and is replenished by an equally large calcium influx.
Methods
Male New Zealand rabbits (1.5-3 kg) were killed by iv injection of pentobarbital (50 mg/kg) with heparin (500 U/kg). The heart was rapidly excised and the right ventricular wall was dissected free. The right coronary artery, or a large arterial branch, was cannulated 0.3-0.8 cm from the artery's aortic source, and the muscle was perfused at a constant flow of 0.5-1.5 ml/g per min with a syringe pump (Harvard Apparatus Co.). Large portions of the right ventricle were well perfused, as determined by dye injection and temperature gradient measurements. Preparations, 1.5-2 cm , were set up horizontally in essentially the same fashion as described for the perfused rabbit septum (Rau et al., 1977) . A wide clamp was used to attach the muscle to a transducer for quasi-isometric force measurement with a moderate preload (20-40 mN). Preparations developed 0.2-0.4 N force with 5 ITIM extracellular calcium, were completely quiescent when perfused with standard physiological salt solutions, and were functionally stable for hours. A perfusion solution of the following compositon was used: 120 IDM NaCl; 6 ITIM KG; 0.5 mM NaH 2 PO 4 ; 5 mM MgCl for experiments with antipyrylazo III; 1 mM MgCl for experiments with tetramethylmurexide; 25 mM HEPES; CaCl as given in text and figures; 20 mM dextrose; pH 7.4; 100% O 2 . Muscle temperature was maintained at 27-29°C.
The extracellular spaces of antipyrylazo III and tetramethylmurexide were determined by perfusion loading with dye (0.5 mM) and washout for periods of time sufficient to reach complete steady state (>30 minutes), as determined optically. The total dye washed out indicated an extracellular space of 46 ± 2 ml/100 g wet weight (SE; n = 5) for antipyrylazo III and 52 ± 2 ml/100 g wet weight (SE; n = 5) for tetramethylmurexide. These values reflect swelling of this type of heart preparation with aqueous perfusate, and they compare well with values obtained for the perfused interventricular rabbit septum with other extracellular markers ( 58 Co-EDTA, 51 ml/100 g; [ 14 C]sucrose, 46 ml/100 g (Bridge et al., 1982) .
Antipyrylazo III was used in this work at a concentration of 0.6 mM, a higher concentration than in previous dye-calcium absorbance relationships described (Hilgemann et al., 1983) . The spectrum of the dye (5 mM magnesium), absorbance shifts to calcium concentration changes, and calcium buffering are correspondingly greater, although qualitatively very similar to curves given in that work. Part A of Figure 1 shows differential absorbance shifts of the dye for the addition and "removal" of 100 HM calcium under the conditions of experiments (320 /JM total calcium, 140 MM free calcium, 5 mM magnesium). Note the sharp isosbestic point at 580 nm. Maximum absorbance shifts to 100 ^M change of the total proton or magnesium concentrations (not shown) are 10 times smaller. Absorbance shifts to a proton concentration change are much larger at 580 nm (increasing absorbance with increasing proton concentration) than at other wavelenghts routinely monitored, those to magnesium concentration changes are roughly equal at 580 nm and 680 nm (decreasing absorbance with increasing magnesium concentration; increasing absorbance with increasing magnesium concentration at 530 nm). These considerations, and the specificity of tetramethylmurexide to calcium concentration changes (Ohnishi, 1978) , eliminate the remote possibility that large extracellular proton or magnesium concentration changes could be the basis of signals interpreted as extracellular calcium concentration changes in this paper.
At concentrations of 1 to 2 mM, we found tetramethylmurexide to precipitate in the vasculature in these experiments. A small amount of the detergent, pluronic F-127 (3 mg/100 ml) was found to inhibit precipitation ade-A. (680, 580, and 530 nm) show two artifacts due to switching procedure 10 seconds prior to and at the beginning of perfusion with the higher calcium level A downward deflection of the light signals corresponds to an increase of light intensity Arrows correspond to a 6% change of transmitted light intensities quately, and had almost no effect on function of preparations over the course of 1-2 hours. Absorbance spectra of the perfusate containing 2 mM tetramethylmurexide were prachcaly identical to those described previously (Hilgemann et al, 1983) . For spectrophotometric measurements, two fiber optic probes were pressed lightly onto opposite surfaces of the muscle in an area where the ventricular wall appeared homogeneous. Light from a 100-watt source (mercury vapor or tungsten halogen; UV and IR blocked) was passed to the underside of the muscle with a fiber optic 3 mm in diameter; emergent light from the muscle was collected with a fiber optic 5 mm in diameter, which trifurcated randomly for measurement of light intensities at three wavelengths, as described previously (Hilgemann et al., 1983) . The individual light intensity signals, offset close to ground and amplified, were monitored continuously with pen recorders (Hewlett-Packard 7204A or Heathkit SR106).
Part B of Figure 1 shows typical signals from an unstimulated preparation, when the perfusate calcium was switched from one containing 250 ^IM to one with 350 / XM calcium after complete equibration of 0.6 mM antipyrylazo III. An upward swing of the signal corresponds to a decrease of light intensity in these and in all curves presented. Light intensity changes (-AI/I) described here are of small enough magnitude for linear conversion to absorption changes (AA); AA = -Al/I X 0.434. Signals such as these provide one basis for calibration of activation-dependent calcium changes. The light intensity changes here are about -0.05 and +0.03 absorbance units at 530 and 680 nm, respectively, reaching a new steady state in the course of 2-3 minutes. The fiber optics were separated by 1.8 mm, touching the sides of the muscle; that would indicate an extracellular light path of about 0.9 mm. Thus, the magnitudes of light changes correspond well to those expected, on the basis of 'cuvette" dye-calcium responses, as in part A of the figure (1-mm cuvette). We mention that, in thicker preparations, absorbance of antipyrylazo III (0.6 mM) at 530 nm was too great to monitor accurately transmitted light intensities with this method.
Preparations were stimulated via platinum electrodes mounted on the fiber optic probes. Square wave stimuli, 2 msec in duration, were used at twice threshold levels. Antipyrylazo III was from Sigma; tetramethylmurexide from Calbiochem; pluronic F-127 was a gift of Dr. Julio Vergara.
Results
Parts A and B of Figure 2 show light and force responses to stimulation at 2 Hz following a 6minute period of quiescence (0.32 mM total Ca; 0.14 mM free Ca). In part A, the muscle was stimulated continuously; in part B, the muscle was stimulated for only 5 seconds, followed by renewed quiescence. Contraction force during this sequence is virtually negligible for this preparation, due to the low free extracellular calcium concentration, and for this reason there is little problem with movement artifacts in these light signals (see below). Within 10 beats at 2 Hz, there is an approximate 3% decrease of light at 530 nm, 3% increase at 680 nm, and little or no change at the isosbesric wavelength, 580 nm, as well as at 800 nm (no curves given) where the dye does not absorb. These light responses disappear when the dye is removed from the perfusate and are strongly reduced by 1 HM nifedipine (unpublished results). Based both on quantifications as made by varying the perfusate calcium and on the absolute size of light intensity shifts related to the amount of dye in the light path (see Hilgemann et al., 1983) , the signals indicate a mean decrease by about 12% (45 HM; 22 ^mol/kg wt weight) of Ca accessible to the dye.
During continuous stimulation (part A), the depletion response continues in a smaller, slower phase for 20-30 seconds, and then extracellular Ca slowly returns toward the resting level in the course of 2 minutes. Within limits, the rate of Ca replenishment during continuous stimulation can be varied with the rate of perfusion (no curves shown). If stimulation is discontinued after 5 seconds (part B) extracellular Ca also returns toward the resting level over the course of about 2 minutes. This time course could reflect the equilibration of extracellular calcium with the perfusate, the movement of calcium from intracellular sites to the extracellular space, or both. The depletion response can be repeated to the same magnitude after 4-6 minutes rest.
Parts C and D of Figure 2 show typical force and light signals obtained when a preparation is stimulated briefly at 2 Hz, is allowed to rest for a period of 1-30 seconds, and then is stimulated once more (signals in part C are from same muscle as in parts A and B; signals in part D are from a different muscle; 0.32 mM total Ca). Part C of the figure shows records for three such stimulation patterns from a continuous sequence of 20 similar ones. The "poststimulatory" beat is potentiated, and produces a motion artifact which is of the same shape at all wavelengths.
After relaxation of the motion artifact, light intensities at 680 and 530 nm are shifted back toward the prestimulation level. Similar signals, which would indicate a net increment of extracellular Ca at the potentiated beat, are also obtained when 2 Hz stimulation is continued until extracellular Ca concentrations return to the resting level (no curves presented). Another depletion response can be evoked immediately after the potentiated beat. There is a slow shift of light intensities during this block of signals, which would correspond to an increase of extracellular calcium, and which is typical for the first several responses in such a series started after a long rest period.
A larger spectrum of light responses for this stimulation pattern using antipyrylazo III is given in part D of the figure. Light signals for six wavelengths are presented below the respective force signals. These responses were made by placing interference filters at the light housing output with measurement of one wavelength at a time. Signals are given at three wavelengths where "cuvette" dye spectra show almost no Ca response; 790 nm (negligible dye ab- REST 2Hz FIGURE 2. Part A shows light and force signals during continuous stimulation at 2 Hz after a 10-minute rest period (0.6 mu antipyrylazo 111; 0.32 mM total Ca; 340 ^M free Ca). Part B (same preparation; same conditions) shows the effect of 10 beats at 2 Hz, followed by renewed quiescence. Part C (same preparation, same conditions) shows continuous force and tight signals for the following stimulation sequence: rest; 6 beats at 2 Hz; 5-second rest; 1 beat; 10-sccond rest; 12 beats at 2 Hz; 5-second rest; 1 beat; 15-second rest; 22 beats at 2 Hz; 13-second rest; 1 beat; rest. See text for further explanations. Part D shows force and light signals at six wavelengths for bnef 2 Hz stimulation and rest periods, followed by a single stimulation (different preparation, same conditions). These signals were made in random order with monochromatic illumination and sensing by a single photomultiplicr. All arrows correspond to a 3% increase of transmitted light intensity. AH vertical bars correspond to 10 mN. See text for further explanations. sorbance), 580 nm and 450 nm (intermediate dye absorbance). These signals largely mimic the contractile response, except for a small 'after-contraction' in the light signals which is not present on the force signal. In this preparation contractions at 2 Hz are large enough to produce some motion artifact. At 720 and 640 nm, signals show an approximate 2% ina-ease in diastolic light intensities during 2 Hz stimulation, and a return of light levels toward the original level during the course of the single potentiated beat. At 530 nm, the diastolic light levels behave in opposite fashion. Thus, the wavelength dependence of diastolic light intensity shifts corresponds well to that expected for calcium concentration changes from dye spectra as described in part A of Figure 1 . This is a further strong indication that extracellular calcium changes are the basis of diastolic light intensity shifts during this stimulation pattern. Based on calibrations as described above, these signals would indicate a net increment of Ca accessible to antipyrylazo HI of at least 4% during the potentiated beat (13 HM increase with 300 ^M total). Figure 3 shows typical signals obtained using 2 mM tetramethylmurexide. In part A of the figure, the time course of extracellular calcium equilibration is compared with continuous 0.5 Hz stimulation (original signals; solid lines) and during quiescence (tracings; dotted lines). At the times indicated, the perfusate calcium was switched from 0.25 ITIM total calcium (0.12 mM free calcium) to 1.0 mM total calcium (0.5 mM free calcium) and back to 0.25 mM. Quiescent signals were made immediately after the signals with continuous stimulation. Light signals are given at 470 nm (decreasing light intensity with increase of calcium) and 580 nm (increasing light intensity with increase of calcium). The tetramethylmurexide response is relatively linear up to 1 mM total calcium with the chosen bath solution (Hilgemann et al., 1983) . The relationship of these light intensity changes to absorbance is nonlinear due to the large magnitude of changes, most strongly nonlinear for the 470-nm signal. Therefore, the time course of signals at the two wavelengths appears dissimilar. The scales given (I/I o ) relate light intensities (I) to the highest intensity at each wavelength (Io).
During continuous stimulation, the contractile response (lower tracing) follows quite closely the diastolic light intensity changes. The magnitude of contraction artifacts in the 580-nm light signal behaves in a parallel fashion to contractility; the size of contraction artifacts in the 470-nm signal appears to become smaller at the higher calcium concentration, but in terms of absorbance actually increases as well. There is at most a slight acceleration of the rate of equilibration of extracellular calcium during continuous stimulation, as compared to quiescence. Thus, an effect of contraction development per se on extracellular calcium distribution cannot be the cause of activation-dependent extracellular calcium shifts. Part B of Figure 3 shows typical signals obtained with 2 mM tetramethylmurexide (0.35 mM total calcium; 0.16 mM free calcium) for the same stimulation pattern as described above with antipyrylazo III. The muscle was stimulated at 2 Hz for four to eight beats, followed by a rest period of 5-30 seconds, then was stimulated once more. The stimulation sequence is presented twice more from a longer record of such responses. Signals are given at 580 nm, a wavelength at which absorbance decreases with increase of calcium (and at which antipyrylazo III behaves in an isosbestic fashion), at 680 nm, a wavelength at which absorbance of tetramethylmurexide is negligible, and at 470 nm, a wavelength at which absorbance increases with increase of calcium. Due to the high absorbance of tetramethylmurexide at its isosbestic point, about 515 nm, light intensities in that wavelength range could not be monitored accurately.
During rapid stimulation at 2 Hz for 2-5 seconds, diastolic light levels decrease and increase at 580 and 470 nn, respectively, and these changes are maintained into the rest period. Diastolic light levels at 680 nm are stable. In the course of the potentiated, post-stimulatory beat, the calcium-dependent diastolic light intensity shifts are largely reversed. To illustrate calibration on the basis of the magnitudes of absorbance changes, diastolic light intensity shifts due to the potentiated beat range from 0.4 to 0.8% in the three responses (-0.0017 to -0.0034 absorbance units) at 580 nm, and from -0.7 to -1.4% (0.0030 to 0.0060 absorbance units) at 470 nm. The larger response at 470 nm is expected from calibrations of dye solutions (see Hilgemann et al., 1983) . The fiber optics were separated by 1.8 mm, touching opposite surfaces of the muscle, giving an extracellular light path of 0.9 mm. Based on calibrations of the perfusate solution, the signals would indicate an increment of the extracellular calcium concentration of 7-14 jtM (350 fiM total calcium). That would be 3.5-7 /xmol/kg wet weight. These results are in good agreement with calibrations made by varying the perfusate calcium concentration, and with the results obtained with antipyrylazo III.
Finally, we mention relevant results from similar studies carried out in several other preparations from various species. Superfused left atria of young rabbits, which also lose beat-dependent contractile potentiation for the most part in a single contraction cycle, gave signals virtually identical to those presented in this paper. This result indicates that a welldeveloped T-tubular system is not a critical factor in generation of the signals described, since this com-ponent is not present in atrial muscle (McNutt and Fawcett, 1969) . In cat, guinea pig, and rat right ventricle, contractility can also be potentiated by a few rapid beats, but in contrast to rabbit heart, the loss ofpotentiation takes several beats. Correspondingly, apparent net efflux of calcium was less than in rabbit ventricle at the first post-stimulatory beat. In frog heart, where beat-dependent intervalstrength phenomena are absent (e.g., Morad and Goldman, 1973) , a net efflux of calcium at single beats was never found.
Discussion
Data presented here and in previous work (Hilgemann et al., 1983) would indicate that substantial amounts of calcium can be lost from the extracellular space in a cumulative fashion during non-steady state stimulation in mammalian cardiac muscle. These results agree qualitatively with recent 45 Ca flux studies of Pytkowski et al. (1983) , although we would not project transsarcolemmal calcium movements of the magnitude suggested by those authors. Pharmacological experiments (Hilgemann et al., 1983) , the pattern of contractility changes, and general concepts of excitation-contraction coupling suggest that cumulative depletions of extracellular calcium reflect, at least to a considerable extent, calcium uptake by the sarcoplasmic reticulum. The replenishment of such depletions at a post-stimulatory beat reported here would indicate that most of that calcium is "releasable,' and can turn over to the extracellular space at a single excitation in rabbit myocardium.
Since extracellular calcium could be inhomogeneously distributed in the extracellular space after a depletion response, one might consider a redistribution of extracellular calcium as explanation of the apparent calcium efflux at the potentiated beat. Three arguments speak against this explanation. (1) The rate of equilibration of extracellular calcium is not affected by contraction of the muscle, at least not at the levels of contractility occurring in this study.
(2) Such an explanation depends on a nonlinear dye calibration curve, whereby redistribution of a given total amount of calcium would generate an apparent calcium concentration change. However, dye calibration curves, particularly those of tetramethylmurexide, are quite linear in the calcium concentration range used (Hilgemann et al., 1983) . (3) If the depletion of extracellular calcium during rapid stimulation were real, and the replenishment of extracellular calcium at the potentiated beat were an artifact, total cellular calcium would be increasing indefinitely during a sequence of such responses.
An important point of concern in these studies is the possible influence of extracellular fixed negative charges at cell surfaces, and perhaps, as well, in the matrix between cells (Frank and Langer, 1974) , sites at which calcium may cumulate or bind. An extreme possibility, that the extracellular calcium transients Circulation Research/Vol. 54, No. 4, April 1984 could be generated by the movement of competing cations from and to these sites, seems highly unlikely. For example, extracellular calcium depletions are blocked by nifedipine and are influenced predictably by agents well known to affect cellular calcium metabolism (Hilgemann and Langer, 1984; Hilgemann et al., 1983 , for effects in guinea pig atrium). More realistically, significant extracellular calcium buffering would reduce the magnitude of signals obtained with this method and could affect their kinetics, particularly if rapid time courses are studied. For this and other reasons, we remain cautious, at present, about extrapolating results quantitatively to a situation with a physiological free calcium concentration. We also point out that the presence of an extraneous, mobile calcium buffer could affect the magnitude of extracellular calcium transients. If the accumulation of calcium at fixed negative sites of the cell membrane is an important determinant of calcium influx (Ohmori and Yoshii, 1977; Wilson et al., 1983) , then a mobile calcium buffer might reduce calcium influx by reducing the free calcium concentration in such areas. If depletion of free extracellular calcium at the cell surface were a limiting factor in calcium influx (Aimers et al., 1981) , then extracellular calcium buffering might increase calcium influx.
It would go beyond the scope of this discussion to consider in detail the extracellular calcium transients described in relation to the various schemes of calcium movements proposed in cardiac muscle. Three cellular mechanisms can be considered as candidates for the efflux of calcium at excitation. The first two are sodium-calcium exchange and the sarcolemmal calcium pump, which would hypothetically compete potently with the SR calcium pump to relax the potentiated beat. Elecrrogenic sodium-calcium exchange (see Langer, 1982 , for a recent review) could contribute increasingly to relaxation as membrane potential returns to negative values, where the equilibrium of exchange would tend to establish a low intracellular calcium concentration (Mullins, 1979) . Efflux by this mechanism might be favored at the potentiated beat because intracellular free calcium would reach a relatively high concentration and because the accompanying action potential is relatively short (Wohlfart, 1979) . A considerable portion of relaxation would be expected to be voltage dependent, which, up to now, has not been described in mammalian heart (see Chapman, 1979 , for a recent consideration of this point). The second possibility, a sarcolemmal calcium pump, seems rather unlikely at present. This pump appears to be present in the sarcolemma in relatively small quantities, compared to the SR calcium pump; it has a high affinity for calcium, but a relatively low maximal pump rate (Caroni and Carafoli, 1981) . The third possibility is the proposal by Mensing (1979) that a membrane potential-sensitive pore or channel in couplings between junctional SR cisternae and the sarcolemma could play a central role in electromechanical coupling by allowing an outflow of calcium directly from the SR to the extracellular space at activation (Hilgemann, 1980; Mensing and Hilgemann, 1981) . This idea is attractive because a spatial separation of calcium influx and efflux sites would facilitate a rapid regulation and routing of calcium movements in the mammalian cardiac cell in a "one-way' fashion (Langer, 1974) . This consideration becomes increasingly important with growing indications that transsarcolemmal calcium influx, and, therefore, efflux, may be larger than widely accepted in the past years.
